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ATlS’jmCT 



A sitrfc cc 'otertial cor; .rolled trciisistor recently dcvelopea, 
the cl'jarocteristics of niiich depend n’ron t.wo scniconductor nhenoraena 
nsuall;/ thoncl^t of as d'eleteriors tc traiacistor operation. These ere 
carrier recombination raid channel effects. Tire device is clraracterized 
by a hich irarodarce {paid viiich allovrs efficient operation from a low 
impedance soiu’ce. It offers promise of replacinr; vacunr;i tubes in many 
applies. tions not previonsly possible. 

The physics of operation are explained and the description of the 
device in terras of hybrid pararieters is given. Tire variation of these 
parameters with bias conditions is investigated and ercplained in terms 
of the underlying physics. Tire characterization of the device as a trans- 
ducer is derived in terms of gain and impedance levels. 

The writer wishes to express his appreciation to Mr. Jaraes Martin 
and Mr. Bon Anixter of Ibirchild Semiconductor Floducts; to Mr. Prod 
Morrison and Mr, Bandolph M'oore of Motorola, Inc., Illifery Electronics 
Division for ‘tiieir assistance in obtaining the devices for experimentationj 
and to Dr, M. II, Bauer of the U.S. Ilaval Postgraduate School for his 
assistance and encouragement in this investigation. 
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Introduction. 



In 1961, Dr. C.T. So.h described r. ncu oericoncuctor device ;;hich he 
celled a "siirface-TDotential controlled tx-ansistorV/]/ In addition to the 
usual onitter, base and collector tenxinals this dcid.ee features a fourth 
terniinal Icnovm as a grid. It is the effect on collector current of a 
potential applied to the grid and the high impedance of this terminal 
which sets t’nis device apart from the remainder of the transistor family. 
Because of the fourth terminal and the similarities to vacuui:i tube opera- 
tion, this device is appropriately described by the term ’’tetrode” and 
such it sliall be called during the remainder of this discussion. 

Tlie tetrode depends upon two semiconductor phenomenal for its oixera- 
tion. These phenomena are channel and recombination of holes and elec- 
trons. Until the advent of the tetrode these two effects were deleteri- 
ous to transistor action and strong efforts were made to curb them. 

Since they were regarded as second order effects, most engineers are 
unfamiliar i.dth the mechanisms involved. They i.dll be described in 
Sections 3 and 4 of this paper. 

The tetrode may be described by a set of thi’ce hybrid equations 
defined by the current-voltage relationships at each of the three inde- 
peiident terraino.ls. These characteristics and their variations idth bias 
conditions idll bo presented in Section? along vdth the associated linear 
equivalent circuit. An explanation of the parameters in terr's of the 
phj'sics of the tetrode idll also be given, Finadly, the expressions for 
voltege gain, iniout impedance and output irapedance will be derived and 
discussed together with come cautions regarding use of this device in 
circuits. 
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2. Description of ' r i-'-ufs ctiire , 

A kncvlou^e of tte ccnstin’ction of the tetroce v,dl.l be an aid in 
understait.inr; the action of the transistor in 3.ater cisciTssions, Con- 
struction fellon's the seqx^enco for the surface passivated plamr, '^ox'- 
ever, the last pliaso involves depositing a netf'.l contact on the protec- 
tive oxide layer of the ei^iitter-base jimctior. Figure 1 illustrates the 
steps in manufacture. 

An n-type silicon substrate forms the collector. This is etched 
to clean the surface and then exixised to a steam and o:cygen atmosp'here 
x;hich causes a stable silicon dioxide to grox/ into the sxxrface. It is 
this protective oxide x;hich passivates the surface and larovides the 
extremely lox; lealxage currents in planar transistors (of the order of 
tenths of nanoamps), Tliis is shoxm in f igx.tr e 1(a), 

A xdndox; is etched in the oxide layer exposing the n-type silicon 
for the base diffxision (figure 1(b)), Tlie base is diffused into the 
collector from a boric acid vapor atmosphere. The metallic boron dif- 
fuses into the exposed silicon and foins a p-typo layer. It is important 
to note in figure 1(c) that the t unction is fonaed underneath the oxide 
layer covering the collector, Tltis means that the junction sm-face hias 
not been exposed to a contamimting atmosphere as is the case in com'cn- 
tional transistor manufactxirc. During the base diffusion, another oxide 
la^'^er grovrs into the previously exposed silicon. In the case xfnere boron 
is used as the base diffusa nt, this may take the forra of a borosilicate 
glass. 

As before, a x.dncox; is etched in the oxide over the base to expose 
the p-type silicon to the emitter diffuse.nt (figure 1(d)), Phosphorous 
is used as the donor impurity for the emitter r-typo layer. It is dif- 
fused into the bc.se from a phosphorous pertoxide atmosphere. The 
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K-typo silicon 



(a) 0--d.de grovs into entire 
s'uhstrate 




(b) Wincoi/ etched for base 
diffusion 
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(c) Oxide QTo\j3 deeper dur- 
ing boron c'ii'fusion of 
base 



(d) Windou etched for erilt- 
ter diffusion 



(e) Oxide greus deeper dur- 
ing phosphor oils diffos- 
:-on of enitter 



(f) !/irdoxjs for ohuric con- 
tacts etched, hraitter, 
iDOse and grid oxide are 
laetallized 



Fig. 1 1 othod of manufacture of siirfacc-potential controlled transistor 
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i:ire;'3rcG or ti'C o::3\r;c] -.'x.n.sGs ■. third o::iLue to r-To\j into the o:q'X5seo 
silicon onu afi.ir, the .uinction intersects the surface under the protec- 
tive oxide layer inacU possix^ates the surface, (firpire 1(e)) 

I-rovision for olmic contacts is nade by etchirc; io.r,dovrs over the 
onitter and base i-ofnons and netaJlioin': uitn. olurainum. The etching of 
the olinic contact vdndovs leaves an oxide layer px’otecting the enitter- 
base junction surface. It is this ooddo i.;hich r^rovides the possibility 
of a foixrth teminal. This oxide is netellised and a lead is bonded to 
it, thus for^iing the grid. The effect of a potential applied to this 
grid is the subject of the rerminder of this paper. 
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3, The Ihcnc!:icnoi '2 of ClioruiGl ir. Sei.iieorcaictors. 

..T- unc’crs'T.ndir, ■■ of t’.ie \xiy in niiich collccter ctirront is controlled 
by volton'o in the tetrode requires i n understrndiny of an effect 

I'novrn chonnel conductivity in se’nioonduc'tors. Tliis effect hrs been 
observed for many years in transistors and lias been vised to explain ex- 
cessive leahxige current in p-n junctions /2/ as v;ell as tlie drift in 
potential of an ojien-circuited emitter when the collector-base junction 
is reverse biased, /3/ This latter effect is knovm as "floating potential c*'' 

Glvannel conductivity my bo described as a region near a p-n junc- 
tion into which cither electrons or holes from the other side of the 
junction may flow without encountering a potential barrier. /l/ Tliis is 
often mistaken for an inversion layer vlvich is a layer of n-type semi~. 
conductor near the surface of a material i/hich has been doped to be p- 
typo or vice versa. Sev’^cral investigators have concerned themselves vrith 
methods of creating and controlling clia-nnels artificially in the labora- 
tory. J.T. Law attributed this aromalous conductivity to an ionic current 
in a layer of voter adsorbed on the surface when a reverse bias was 
applied to a x’**n junction. /4/ At approximiately the sane time, H, Chris- 
tensen isolated the clianncl condvictivlty from law's ionic evu-rent theory 
by freesing the adsorbed voter layer at dry ice temperature. He was thus 
able to shov; that the channel was, at least in part, due to charge carriers 
vrithin tlie bvillc./5/ He attributed the channel to an electric field at the 
surface. This electric field disturbed the ecp.ilibrium cliargc distribu- 
tion near the s'orfaco thvis cavising the channel. U.L. ''■rown /3/, follov.’ing 
J. fardeen's theory of surface sta.tcs /6/ developed a mathematical treat- 
ment for describing the electric field in the interior and at the sui’face 
of a soniccnductor with such an adsoi’bcd layer of svu'ft.ce cliargo. His 
model was extended by A, I, I'cldiorter and H.H. Kingston vrho assvmed a 



I 



« 



I 



chr.nr.cl r.nu crlcvlated ''ho . r.-ocir toe i'vo'tcv'.s end voltec^es in and along 
the clrnrcl for a ger'iarim i:ocel,/2/ As Sah points ovit /l/, this nodel 
is valid orJy for ger'acnia'ii saiT'los since reconbiration current nas neg- 
lected, Snch rcconbination is of the utnost inix)rto.nce in describing the 
tetrode and ui3.1 be disc-usoeci in detail later. In 1957, II. Cutler and 
H.r. Brth nodified the irorlc of Mclfnorter and Kingston to explain the nen^ 



saturating reverse current and low fonrard current cliaracteristics in 
silicon diodes./?/ R,H. Kingston and S.K. Keustadter followed a develop- 
nent parallel to Krown’s in ca.lculatiiig the space cliai’ge and free carrier 
concentration as well as the electric field at the surface of a sGnlcon“ 
ductor./C/ Hacse vrorlcs provide a useful dep'artiu'e point for the treat- 
uent of the channel effects in the Sah tetrode. Unfortunately, all of 
these treatsnents are directed tovjard the individaial i.;ho is \;ell versed in 
the concepts of the physics of the solid state and not the average elec- 
tronics engineer. Tlie dcveloixient which follov;s is a nodel for the 
creation of a channel ’rhich uses concepts faniliar to the engineer. The 
reader should be cautioned against pressing the nodel beyond its applic- 
ability. It is intended as a hoiu:'istic nodel. A none conprehensive node! 
vflthin the precepts of solid sis. to physics \;ill be presented later. The 
reader who is interested in following the later c:evelopnoi'-t or \;ho feels 
need of a revievr of seni conductor phj'sics is referred to the now classic 
booh, on the sub,1cct by U, Shockley: particularly chapters 1, 5, 9, 10 
and 1?. A foundation in quantur.. rjocl-ia.nics oriented tovrard seniccnductors 
is set out in Kart III of the sane volume. /9/ 

As stated earlier, there is a difference betxreen the fomation of a 
channel and an inversion layer, A channel is associated only with the 
iDToblen of wiiotlier a charge carrier secs a potential barrier at a junc- 
tion, regprdlcss of the actual carrier conccivfcrations in the irnnedio.te 
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vicirdty, Ar. inversion layer is definrd in terms of the relative carrier 
concenta’ations and nry occiu' independent of v;hether the cr^rriers see a 
potential iDcrrior. Inversion is present vrhenever the concentration of 
the noDnally minority carriers exceeds the nonnally majority carrier con~ 
centration. This may ocenr before, at the same time, or after the onset 
of a channel. A channel occurs whenever the potential barrier for major- 
ity ca.rriers in a p-n junction is reduced to zero. For example, if elec- 
trons in an n-type material see no potential barrier to restrain them 
from diffusing to the p side of a p-n junction, the condition of channel 
is sc^id to exist. To simplify matters, it mil bo assumed tlvxt the onset 
of channel and the formation of an inversion layer occvir simultaneously. 
Under this assumption tho v:ords "channel" and "inversion layer" may bo 
used inter cha ngcably , 

Consider i:'he p-n junction in thermal equilibrium sho\m in figui'e 2(a). 
Under these corditlons tho junction is back biased by an araoimt dotor- 
mined by the diffusion of majority carriers across the junction. The 
majority carrier space distribivtion is unifoi-m in the y direction, Iho 
electrons on tho n side now cannot sujmaount the repelling electric field 
in tho transition region, 

Nov/ lot a positive potential Vq be applied to the surface of the p- 
type material. The associated electric field repels the holes nearest 
the surface and uncovers some of the negative ions. Minority olectrons 
are also attractod from the bulk toviard the surface. The migration of 
tho cliargo carriers and the uncovering of ions ends whon the potential at 
the surface has been neutralised and tho sj/stom is once more in oqvtilib- 
rium. One effect has been to reduce the concentration of free holes near 
the surface and increase the number of free electrons from their noimval 
equilibrium values. Another effect has been to lovror the potential 
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■ ."V '•’a'lioe. '.ort ", r ovo. ' 

Tj. ■ j f. coi-orr /ro'. n b3.cc crBB.sei. by tiiis sliy’nt 

bicning, Ibc re’.'.'- ecy ',13 ibi'iur' ccuc'btior; is 3]io’;:i: in figi.nvc 2(b). It is 
asst'enpd tbnt no current floi’s out t’irough the r.eniconcv.ctor sier-iace. 

The region near t-ho surface is rou' less p-type tlian before. 

Let the sutrfacs potential be increc secT, Tlie nixnber of electrons 
availcble fron the p-type btilh is Iruted by the depth cf penetration cf 



the electric field into the bull':, Kov;ever, increasing the sirfoce poten- 
tial tends to foriprrd bias the junction near the svirface end thus niakes a 
largo supply of electrons available in this area. Therefore, after an 
initial suvpp3.y from the p-type mterial, nearly a3.1 of tho electrons 
needed to neutralize the siirface potential come from the n side and the 
change in sirface potential is msidfested in a change in bias across the 
junction near the sxirface necessary to provide these electrons. It should 
be clear that for some value of surface potential, the nvunbor of electrons 
will exceed the nunber of holes in the local region at the surface. This 
describes an n type raaterial by definition. The further the po-ber.tial 
increases, the more strongl;/ n-type the layer becemes. Since the electric 
field co-used by the s'crfr. ce jx^tential decreases as a function of depth 
from the sirface into the bull:, the n-type layer is less strongly n-typ^- 
as we go from the surface into the bulk. Eventually, at some depth, the 
concentration of free holes again exceeds the I'ree electron concentration 
and the material is again p-type. This indicates that tho n-type layer 
does not extend verj*' far into the bulk since the clirnge in surface poten- 
tial serves more to for^rcird bios the junction thnn -Lo repel holes from th.e 
surface. The fact that the depth of the str’face n-type layer sa.tur-atos 
very cuiokj.y idll be demonstrated by the results of a later calculation. 

It shouGLd be ixitod that we ha^•e satisfied our' definition of a clia.nn.els 
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£!■ i-'.;' X . c" t. to bo ’^-type. 

">'■ r’ C' r. 'c ox’t toc.^ th;. ,;ior; vhcrc the bill]' 'v^.^oric], 

; : ':os t’ o ■’rr vobtlci fro" the i'-typc' nurr; ce Ir^'cr, t’.irot-~h the intrinsic 
renye to t.e p--ty.c reyion defines a r.-n .'iinction transition region. It 
cho-’l ' also he noted th; t tnis Junction is reverse biased since the n 
region is a.t a wsitivo potential -./ith rosyct to the p region, lo pre- 
pare the \jo.y for later argxments, consider the effect of a lo' gitudiml 
current floidng ir t!;c channel to’.jcrd the J’unction, The channel is 
quite resistive and a vclte.ge dTop occurs in the chi3.nnel vrliich reduces 
the reverse bias across the channel Junction. Thus the channel becoKos 
rider as re apr.roach the nomal Junction from the nominally p side, -is 
re shall see later, such a current is caused by recombiix.tion of electrons 
and holes in the ctenncl. Figure 3 represents this situation for a con- 
stant current flov.dng in a clisr.nel of uniform resistivity. The potential 
drop is then a linear function of distance. 

Tlic case irhich is of interest to us is the tetrode. The source of 
the positive potential rovJd, of course, be a source applied to the grid 
of the -tetrode. Since the oxide layer over the emitter-base Junction is 
an excellent insulator vdth a resistivity of rpriroximately olrm-cm 

at 250°C the previous assumption of no current leaving the surface Is 
valid. The description of chrnnel formation used oirly a potential applied 
■to the p"typo material. The oxide layer vdnich forms the grid extends 
over the n-type material as well. Such as applied potential on the n- 
side XTOuld nullify the bicsing effects of the chanru in potential on the 
p-side. Th.us it must be assumed that the na.turo of the interface betuoen 
the silicon a-n.di the oxiac is different for the tv:o typos of silicon and 
prevents the grid voltage from changing the potential at the active sur- 
face of -'she n-type sir "Icon. Sail has attri’nv!x‘d tl.ds effect to the 



I 

{ 



I 



i 





13 




I 



« 




li; 



•^ro bs oiiit.7 



the ■'.:oc'''horov.;3 (r.-ty-oc iffticart) is. rejected by tiio 



oxice di'j’iny ■■be b.iff-'.sicn oi the c'diter ere' will therefore forri a 
layer of ’dx^lily cor.cci bratet phoophoro'us atovis at the interface. This 
forms r. c’cyercrate Jx’yor (we'fcal3.ic layer) x/liich screens the surface of 
the silicen from the applied r;ricl potential, hence an applied frid vol.t- 



age ’.;ill not effect the distribution of charge ca.rriers in the r~type 
material to ary i-arked degree. Cn the other linnd, the oxide shoi;s an 
affinity for the base diffnsant (boron) dirrirjg diffusion so that the 
region at the siirface, under the oxide is less heavily doped tlian the 
buUc material in the interior. As a result, the surface has a lower 
eq^iilibriuor. hole concentration and the charge distribution will be more 
responsive to grid voltege changes. Figure 4 illustrates these points,. 

Formation of a channel on the p-side of an n-p jiinction has been 
described. Tliis corresponds to c. channel under the grid in the base of 
an n-p-n tetrode. In order to more fully describe the formation of tlie 
base channel, ve must turn to an analysis of potential vdthin the base. 

The qualitative description of channel formation given above can be 
made more quantitatively rigorous by detennining the electric field in 
the bulk of the lase, h'ore importantly, solution of the problem, for the 
electrostatic potential \;ithin the volume udll yield information as to the 
depth of penetration of the channel into the bulk. Later it will be 
possible to correlate potential with channel current by considering re- 
combination current in the channel, and its effect upon the depth of the 
channel. In order to formulate the problem, it will be necessary to 
describe channel forrriation in teras of the energy of charge cari'iers. 

The de,scription vxill be some\jliat parallel to that given by Provfn /3/ s,nd 
llingston and Feustadter /&/. 

Figure 5 is a three d5.nensiona.l representation of the enerri^ of 
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4 Impurity distribution formed during diffusion^ 



1 c' ’ci'. n !'■ - ■ ■l-'Vc: c" ■ c- 
’r ;') ■' r.L ti’C irjtcico rcrof 
naterial (x iv' t.’nir; c'.i;' . 



' \r c --C r.' frc ■ ■-■vrfrcc (co;.c'e>.' 

svrxc or. '‘ro: ■ i'’:c to the 

The silicon-oxihc irtorface of the tetro'^e- 



is ropresentoe ty the ' lane y ~ 0 r:a 
the n cncl p rc'icr.s respectively. Pi 
of the jiu'-ction at cqnilihriuxi. It i 



thio eri.ittcr arc’ ’ ase rofjions arc 
■;'vre 5 (a.) sho’;c th.c cnerp;' levels 
s assi'isccl thiat there is no resilral 



defonnation of the enerpy levels in the vicinity of the 



snirface. 



% and 



ij/^ are the r>otcnt.3als at i.'hic’i the Per^ii energy vonld lie for ecnal con- 
centrations of electrons and holes. At the intersection of this surface 



and the Perni svrface, y? , n = p. For the eq-ullihri^r’ condition this 
ocenrs at the center of the jnnetion. As before, it uill be assmed that 
a potential applied to the fprid (the plane y - 0) ’rill not chairpe the 
potential at the sxrrface in the n region, Vq is the reverse bias gener- 
ated to counteract the diffusion of carriers across the junction, Tlie 
subscript 0 refers to tlxo therinal cquilibriu': value of the quantity con-’- 
corned, -flic subscript n or p refers to the value of the qxiantity on the 
n or p side respectively. 

The potential or ^ is defined by the relc.tionship 

}/ - r[^ 

v’hero q is the electronic charge, and the potenticls at tlie 

botten of the conduction band and top of the vT.lonce biund respectively, 
k is Boltznann's constent, T is the ambient temperature in °K and an>i 
arc the effective densities of states in the conduction and valer.ee 
bands respectively as defined by Shockley on mge 303 of his book,/9/ 

In a perfectly intrinsic material 1’^ = and “ T or- one 

half of the energy gap. 

In fifau'e 5(b) a fornvrd biais Yq_ hc-s been applicc, to the junction 
in the ccnvcntiorxl nenner. Th.is is r.ianifosted in a loucrirg cf tlie 



14 



I 




if 

I 



I 






3 



f 



- i/» OR + ^ FOR ELECTRONS 



\ 



\ 





- OR + ^ FOR ELECTRONS 



\ 

\ 



\ 




o 



2 

H 

O 



O 

»— I 

o 

g 

;z; 



potoT'tirl 


barrier for 


electrons '.diicl. Ilo’'s 


on the n 


sic.e to crer: 


s ’GO the 


: P' sice. This i 


tion. It 


, is usually 


stctec! a 


s tlie 


change in. 


Tl'iis is a 


iso Siiorni in 


firy.n-’e 


5(b). 


Tlic conce 


nay be re 


pro so ‘a tec. by 


tbc c ue 


ntity 


f-!// . 



,p i >i j c 






0) 



v/here is the intrinsic chai'-^e cs^rrler concentre. tion. It is a function 
of teiaperatm-e orjy for a given ij/ ^ 'fne corresponcing enpi’cssion for 
electron concentration is: 






w= Aje (i) 

It is seen ttet the quantity is iiositive or. th.e p side and hence 

^F»>1p as enpccted (the orc.imte of figure 5 is v*.ile is 

negative on the n side and ► It should be pointed out that 

anpl 7 'ing the bins, not materially change the quantity and 

so the carrier concentrations lia.ve not been nodified. Tiiis is only true 
vhcre the injected carrici* density is si^all compared \.dth the equilibriis’i 
majority concentration on the other side of the barrier. Therefore '^e 
nay avoid e:cplicit mention of bias coixlitions and discuss the effects of 
bins in terms of the quantity ^ 

The effect of applying a po.sitive potential te the grid is sho’.n. in 
figure 5(c). As previously assumed, it has no effect ujx)n the n side. 

Tl'ie effect upon the p side is to lower the energy of all of the allou'ed 
states in the region to which the surfc ce-applied electric field pene- 
trates. There are noi-; more electrons v;ith energies greater thsan or cqu~d 
to the new energy of these previously empty stetes. These electrons will 
make transitions to these empty sta.tes uidch raises the Fermi level toward 
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. \ .’''e er j at v .:.cV. \,.c tx’cbc.bili'ty of ar e?Lt’ U\ ^ 

a'X'.o . 0 i. r. t or.crr;;/ is lialf, b g bean .lovod to' raid t-.t 
condiicticn band. In 5(o),^ is the reference level so the -w/iiv 

of the jcrri level is nanifestocl by the bendin^^ of the energy levels 
toxr.rd the 7crni level.) In tcivis of the beliavior of the seriicondvr+or 
z-t the siu’frce, tlio quantity <p.U/ reflects the change, rr.s hoci'rxe 

imeh sr^allor tlian its previ.ous valu.o on the p side. As a rcsxilt, t’ua 
eicponent of tho expression for the concentration of holes is smellier and 



therefore p is snaller. Conversely the exponent in tho er-prossion for ii 
increases and n is larger. The tno are raore nearly equal end the material 
nore nearly intrinsic. 

An interesting point to rote in passing is that the conductivity of 
the surface layer increases as the concentration of electrons increases. 
This is due to the higher nobility of electrons over that of holes j 



Af ' 

where A/a<'' (T is the semiconductor conductivity, A and are 
the respective nobilities for electrons and holes. The conductivity is 
seen to increase with yv . Since ^ decreases as a function of donx.h 
into the material, so does n and consequently (T . Therefore the vedtagx 
drop dxxe to a longitudinal channel current is loss near the oxirface of 
the channel than deeper into the channel. This is another factor which 
tends to confine ctennel ciu'rept to the irvnediate sro^face layer. 

Increasing the gr5.d voltage further resvilts in the sitiiation sl'.orii 
in figure 5(d). The energy bands have been loi:ered so far tliat the Forni 
level is now betxreen (y and the conduction band. The sign of ^ has 
changed and n is nov' gTcater tlian p. The surface layer is noi: n-tj’)C 
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Fig. 5d Junction with forv;ard bias and apt. lied 
sui’i'rce pottntiaJ. Yg, Notice that the intrinsic 
intersection no lonper touches sxiriacc . An n-typ^: 
lay^ r has bet n formed on the surface. 
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This sctisfios ti:e -rcvious 



e .■'ird.tior* of channel, err hr. 



no tcrial , 

seen froin fir-a.’e 5(cl), the i. layer e::ter.(' s into the iicterirl to r 

depth deter; iined by the intersection of if/ and (p , 

L detenairation of the depth of the c’lanncl nay be inac,e by solving 
Poisson's equation for the potential in the interior of the p region as 
a function of the grid-induced surface potential: 

where ^(i^) is the chrrge density as a function of position and ^ is the 
permittivity of the semiconductor. The approach will parallel the analy- 
sis preseirbed by Kingston and "cus'tadter /B/. It will be assumed thxt the 
variation of potential is unidirectiornl end not a fmict5.on of time. The 
surface is the origin of the y coordinate of fipxu'o 5. The energ;;,’ origin 
is taken as the Periui level in the n-type material. The variation of po- 



tential in the transition region is neglected so that our discussion is 
limited to the region in uhich the f;rid has the gi’eatest effect. 



The charge density is given by: 



|s)d-Nft+.|a-yi 

Deep in the bulk it is knoxm that cliarge neuti-clity exists and the elec- 
tric field is sero. The potential lias some equilibriir value shoim 
in figirre 5, Using the charge neiitrality condition \:e 'nave; 



pi Nij- = 0 

VI -4>s Nj - Nft 

n and p are given by (l) and (2) 






YV|^ I ^ ^ 

~ jink ^/Jkr 
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Deep in the -njDL ^ enu n~p = hence: 

N’j-W^=2vii sink c^Si/e/iT 

Sinilarly p™n - S(Ts^ in cencrcl. 

Poisson's cenation for the one dincnsionrl case becones 



^ =: ^ j^sink - senk "j (3) 



Using the identity 





and integrating, (3) becoraes: 




Tlais integration is fron the bvdU; t/D-.-crci the siu-faco rnd yields an e^rores- 



sion for the oloctric field as a function of the potential at any wints 



^ = ^ ^ cesh0. ^ cosh^ . ( 4 ) 

Equation (4) nust now be integrated to find the potential J^^’as a function 



of x: 





The solution of this integral idll yield the potential at an^' depth. 

More Lnportantly, if 0 is the upi^er Unit of the right ’nand inte.gral, 
the corresponding value of x irill be a measvirc of the depth of penetra- 
tion of the channel into the batik as a function of H • A solution in 
closed fem is rot ’^ossiblc hotover a plausibility argunent tdll show 
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that the ckmnel i..eptl. satra’ctcs as a function of ^ . 

Tlie initial vrluo of ^ is ixisiti%’e and ^ is negative. Tlie inte- 
grand is t’ne slope of the integral. For largo positive va.liios of the 
cononirscitor approaches infinity v/ith the cosh hence the integTand 
approaches zero. For smaller values of the slope i:ill ha.ve a neasur- 

able magnitude. For fairly largo (> ) the intc;'p:fnd ’.rill be es- 

se n tic Uy ex p (“ ) irhich rapidly approaches zero as an as;nnptoto. 

Thus it can bo seen that increasing \nll not mc-terially affect the 



integTal and hence the depth of the channel 



p 




4 . 



The rheuonenon of leco-nbin'- tion ir. Seni conductors 
Tno phenomenon of recombination of electrons and holes in serni- 
condiictors has been observed largely in connection i.’ith photoconduction 
processes. In such a process, holc-clecti*on pairs ore generritecl by ab- 
sorption of energy from light incident upon a semiconductor, Hith an 
external electric field applied these carriers constitute a drift current 
uhich is observed to decay c>qx)nentially v.dth distance from the incident 
light source. Such dcca.y can only be ejqplained by r reduction in the 
nimber of cloarge carriers and has been described as a recombination of tlie 
light generated hole-electron pairs, Tliis is a random process ■uhich is 
best described statistically. The most \ridely accepted model for recom- 
bination procGsses vjas described by H. Shockley and U.T, Read, Jr./lO/ 
Their model \.as concerned with the recombination rate in a bulk material 
vrith no p-n junctions. This model i/as i>.sed by C.T, Snh, R.R. Iloyce and 
’J. Shockley to describe the same non-satuiable loalcage cm-rert and lovr 
forxTard current characteristics in silicon p-n junctions as \iere explained 
idth channel considerations by Cu.tler and Bath, 

Hcconbii'E.tion ray bo described as either one or tv:o step processes. 
The one step process is a direct encounter of an electron by a hole ’shich 
results in the removrl of both from the conduction pxrocess. Essentia llj?' 
the electron lias made a transition from the conduction band to fill a 
vacancy in the valance bond structure. This pa-ocess is urlLikely since 
the electron must make an energy-losing co3-lision with some other parti- 
cle at the precise point in time and space i.iiere the hole is located. 

Since the hole is also moving tlirovigh the crystal this is tantamount to 
a man threving one baseball randomly into the air and another to a batter. 
If the second Ixiseball makes a collision x:ith the bat and subsequent3.y 
hits the first tell you have described a direct collision of an electron 

?4 
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ativ r> l'.c3.o. 

Hie tv;o ''xoccss irvolvoc en 5.ntcrrKx.iate "trapping" of either 

the electron or th.e hole in c locr.liscd volune in space. Since its 
proba.bility of being at a given point in space is noi; greater, the prob- 
ability of being encountered or hit by another particle is ga-eater. The 
effect of traps is to increase the ra.te of reconbimtion over the case 
where no traps are present. 

Any localized imperfection in the crys'tal may act as a trap. An 
inrerfcction in the crystal may take the foin of a vacancy in the lattice, 
an ii.ipurity atom, a crystal dislocation, an interstitial atom, or a grain 
boundary. Since the surface of a seni conductor always defines a cx*ystal 
grain boundary, there vdll alua.ys be a certain concentration of traps at 
the surface. This is reflected in the rela.tive hnportance of surface re- 
combination as opposed to recombination in the bulk material. Tlie pres- 
ence of a crystal imperfection is manifested by an allowed state within 
the forbidden band between the valence and conduction bands. The poten- 
tial level of this alloT-ed state is dependent vipon the type and location 
of the r-aperfection. Another of describing a trap is in terras of a 
localised electric field which attracts an electron or hole and holds it 
in a local area v.'hose radius is dependent upon the strength of the local 
field , If the field attracts an electron very strongly, it corresponds 
to nearly immobilizing the electron v/hich makes it very easy for a hole 
to subsequent3.y capture it, Tlie corresponding energy level of the trap 
v;o’ald be near the valence ba.nd. 

Hie rate at irhich recombiiration takes place describes a loss of 
current. Hie fact that recombirjation also takes place in channels es- 
tablishes an inter-relation between the two phenomena idiich is important 
to the description of transistor action in the tetrode. The following 



25 



C-ralyticT-l ocacr 



tion v5.].l ;:"x'rallel ohoc’clcj; cue" .lccC /lO/ and ih!'.. 



IbycG and Shockley /ll/, arriving at an ex'rression given by Sah for the 
reconbinaticr rate as a frinction of the electrostatic potential at the 
surface and in the bulk. Using this expression ve nay then correlo.tc 



the reconbi nation ct'rrent in the clraincl vrith the depth of the channel 
and strfcce potential. This should allow us to separate the effects of 
surface potential upon channel depth and recombination rate. 

Let us suppose thrt in our naterial there is a density of traps IIt« 
It vri.ll be assumed that these traps all have the sane energy level. Tlds 
assumption is relatively valid for a vjell purified seniconductor v-rhich 



brs been doped v.i'ri.le carcfvrlly avoiding 



unv'®.nted Inpurities and careful. 



crystal grovring to cllnina.te lattice vacancies and dislocations. 

A trap may have one of two conditions : it may be occupied by an 
electron or not occupied by an electron. It is to bo remembered that a 
trap is simply a quantum energy state or "allov/ed energy" for an electron. 
As such its probability of being occupied by an electron is described by 
the Ferrai“Dirac statistics in e:-nactly the same manner as electrons and 
holes. If a trap is occupied by an electron, it may either emit thiat 
electron to the conduction band or capture a hole from the TOdence bend, 
(Tlie electron acteally malies a second ti'ansition to the valence band to 
fill a vacant bond.) In cither case the end result is that the trap is 
empty. If a trap is initially erapty, it may capture an electron from 
the coi'iduction band or emit a hole to the valence band, (in the latter 
case a valence bond is broken and the released electron is trapped rather 
tlvan going to the conduction band.) The end result in either cxise is 
tlict the empty state is fi.lled by an electron. Obviously the density of 
fiiled traps plus the density of empty traps is equal to the total density 
of traps, Tluvs the probability that a trap is full plus tlie probability 
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'ro -.Xj 1 V 



.-OifC- - 'coT.-’n £1, L-e :.o . 



oy the -'or .i.- 



fCE) = 



j^gU-F)/fer 



vhcre L is the cr.cr^- of tho cU'ts enc- cs tl'e j’erri.i level, xs 

the enoarch ^ etrte "Mc!i ' 0 "J.c. Iv.ve en enael vro’xb5-lety of boir.y 



filled or ei'- 



3i.jcc h-T is of the cri-er of 4 :c lO"'^-'- electron volts 

^ ^ ) /^T 

e is ns'Xlly nneh larger than 1 and i(iO can he apnroasiixc ted. 



a.dtli clnoEt no error bys 



(f-tl/Jsr 



Since H = •"‘J^”’hcro is potential (or voltage): 

Tl:^e probability of a. state being e“ipty is of conrse: 

r oil 

t/F.) = I- ^(£) = I - ,y g(£-') 7 F = - gf£-F;/.il 

This can also be i-Titten as: 

tfE) - tfE) e - 



The probability" that a tx'a.p is fixll nnst then be given by; 

enpty by 

where E-^, is the energy level of the trap and F-^ is the Fermi level for 
the traps, h'o also define Fn and F-q as being the Fexvii levels for dec- 
trens and holes respectively. Under conditions of thermal oqiiilibriTJin 
(no applied biases) all of these Fermi levels coincide. !'oi;ever^ when 
the concentrations of carriers arc rot at their ecpiilibr5im values, the 
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p'-icimt 'jv tiie; ’Tfi' cr ir. roI'lectcO. in a change in ?erai level. 

CnT objective is tc! teter: ine the ra-te of roconbimtion of elec- 
trons a.rd I'.oles, In orc'.er w do thin \ie shall d.eterrjiine the rate at 
1 -rhich electrons are being trapped by the empty traps and the rate at 
which finLl traps are emitting theix electrons to the conduction banc'. 

The difference will be the net electx'on captiu-e rate. Similarly, the 
rate of hole capture aixd emission will be found in order to detoi'nine 
the net hole captui’e rate. At steady-state (but not equilibriurx) con“' 
ditions, the net hole captux’e rate and net electron capture rate nrst 
be equal. Tlvit is, the I’ato of filling empty traps nust equal the rate 
of exAptying filled traps. This, theix, is the rate at which carriers are 
being removed frora the conduction process and is the rate of recembi ration. 
For evex’y hole-eloctron peii' which reconbines, one electron nust flow in 
tlie eicternal circuit as compensation. This constitutes a reconbirntion 
current. We will have more to say about this later. Tlie energy v;hich is 
given up i:hen an electron and a hole recombine is converted to lattice 
vibrational energy;. Tliis nust be considered as part of the total power 
dissipation of the tetrode, here will be said about this in Section 9 
when behavior of the tetrode irill be discussed. 

Tlie rate at which electrons are captured is dependent uponj (l) the 
number of electrons available in the ccnOucbiori band for capture j (2) the 
numbex' of traps wiiich are empty and hence capable of trapping an electron; 
and (3) the prolxability pex' unit time tlic.t an electron with a gix'-en energy 
’.111 be trapped by an empty trap at a given energj^ Tlie product of these 
factors yields the rate o.f electron capture. Analogously, the rate of 
electron emission from ful!l traps to the conduction band is given by the 
product of (l) the numhei' of empty states in the concucti.on la.nd as a 
function of energy; (2) the nuznber of full traps (henco cc-n-blc of omitting 



2d. 



an electron); raid (3) t’ue iix-otcibilit;;- per unit tine of a full trap 
eiiiittirg’ an electron to a f^iven energy level in the conduction bond. 

The rxiinber of clectronc available in the conduction teaid, n, ie 
given by the product of the nuiiiber of sta.tes and the probability of that 
ste.te beiirg occupied integrated over the conduction band. For a nor.“ 
degenerate^ seKiconduetor, the cffect5.ve density of states in the con- 
duction band acts like a niiTiber of states, IT^, all concentrated at the 
bottom of the conduction band. Hence the electron density integral de- 
generates to ; 



( 5 ) 



n = J N(E)f(E)dE = Nc-f(ec) * He 

l»^c5 E=Ee 

The number of tra.ps uhicli arc empty is given by the product of the 
densit;?' of traps and the probability of a trap being empty integrated 
over all energies. It has been assimed that a density of traps, K^, is 
concentrated at the single cnergj' E-j^, The integral degenerates as in 



( 5 ) above: 

lVpt Ht (Et) s HtA 6 ^ 



(Et~ F*)/ir 



Tho proliability per urdt time that an electron idtli a given energy 
will be 'trapped is given by the product of the thoimial velocity of the 
electron and the cc.ptiure cross section. Tiis is a cons'tant with res'pcct 
to energy for a no n-dc generate seniccnductor since all of the ccncmction 
band electrons are effectively at Eq. This factor shall be called c.-j. 



% non-degcneia-te semiccnductor is one which is sxiff iciently pure 
tliat the electrons in the conduction ba.nd are essentially at the loxrest 
end of the band, 'Tliis implies that 'Uie density is still a fixnction of 
temperature. If the densi'ty of electrons becomes 'too high the concen- 
tration loses its temperature dependence and the scniconducbor 'ta.kes on 
the properties of a me'tol. This latter condition is krmm as a degeneracy. 
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Usin..-: thrsc rosiCts, the rate of e?_ectx‘on cc’^tvj’e is: 



- Ne -f (fe.) CE-fc) C-^ 



(U) 



Considci'ing the rate of eniosion ir an analogous mnner, the niraber 
of enpty s'a.tes li'. the conduction tend is I'c“"n which is; 

Nc-n - Mt fp r.cj = Me fat) 

Tlie nunber of fuJ.1 traps is; 

and the corresponding probability of enission per unit tine is 0^, 

These factors give the rate of electron emission to the conduction ba,nd 



as; 



r^Jc- n) nt ey, = Mc^P^£’*) Milt('£i)e 






h) 



The net ra.te of electron captirce is found by differencing (6) end (7). 

UcYi - Me -P Cf e) Mt (Ef) C-A •" |\lc -pp (£c.) Mi -pt fEi 

Me Mi [•f nu - -fp ft j-fe (Et) 

If the theriTial eqid.libriun argument is invoiced, the rate of emission and 
the rate of capture must be equal and == Fj^, Under this condition 



Uqj^ = 0 which means ; 



J Aftt) = 4’ ft. ) ^ 



Since E-^ is alvnys loss than E^,, the rate at vrhlch electrons are emitted 
from the traps to the conduction band tuidter equilibrium conditions is 
almys less than the rate at v;hich electrons are falling into the traps 
from the conduction band. Tliis should not be construed to mean that the 



traps ca.n never bo emptying as fast as they are filling since vre have 
not yet considered the other means of emptying traps: hole cc.pture. 



oO 




arpfAnding this expression and isolcting the exponential part: 






istics of an electron distribution irith the Femi level at E-t,. Desigrcte 
this by 



The tena Ft e-cpresses the nuraber of electrons per unit time uhich 

v;ould be captured if all of the traps vrere enpty. The reader should not 



of (lO) . The physical neanings have been distorted by the me thematical 
nanipulation, llae only sigiuficant thing to remember is that nj describes 



level at Et. This will be found useful. 

Turning nou to the net 'lapture rate for holes, the same procedure 
may be follovred in obtaining Ucp» The rate of hole capture is the pro- 
duct of hole density, filled traps and a capture rate term, Cp, The rate 
of hole emission is the product of the nuiaber of fi3J.ed holes in the 
valence band, empty traps and an emission rate term. The net hole 

captua’e rate is: 






try to atta.ch meaning to the indivldxal terms in the emission rate term 



mathematically an electron concentration analogous to n but \;ith the Fermi 
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Uip -o f'l'V' Nit I 0.^) =• ‘fCEv)‘T^t f£t) ^ 

Eca’iiliL'riun ar{7.cnents dc c.cr;iine '~P/Cp tobe0 «Ifp]_is 

defined as 

^ kj J^'\rH)/kT 

|>t “ I v-tr 6^ then (fB) 

'^cp " {E'fc} Op ^ C (fz) 

v/here Gp Is defined as Ttcp are.loco'asly to Gn, 

If steady state conditions are assTuned, the net rates of hole and 
electron capture are eqt’n-l and this rate becomes the recombination rate. 
Equating Ucd and solving the eque.tion first for fp^ s,nd then for 

“ 

-ji (Ei)Cp -fpi (Si ) Cf^M ^^p+ (£t) Cyv VI 1 A (^t) Ct> 

The substitution of fp.|;; “ l“i't yields; 



Cvi, ^ 



Cf> p<) + c>rT+Yit) 

I'Jlien these expressions are substituted back into (10 ) or (12) it is 
found tint; 

^ Cfp^ypi-^ "fii CuvCfi 

Cf (^’tpi) + C-n ("H 4- “i^d ) 

= Ol) 

If Cyj and G-£., which hsve the dimensions of reciprocal seconds, are de- 
fined as the lifetimes of holes in highly n-type material and electrons 
in highly p--type material res''octively, 

'/Cf 5 '/Cr. 



......P n-'P rrt, 



then 



m 



i 



A 
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In the crrrr-Mcr t a ■ cor.c_t-:>n3 lici-e not been invokea 

except txD to constants, "iie expression lor recorablrntion rate (13) 

is ■valid for steady state non-ecuilibrixra. conditions. If tlie product 
p^nj is o\'alunted vising (9) and (ll) it is found •fco be 



re^T-“ 



Nc S ^ Nlc^'irQ 



- N V 6 

It is not-' convenient to recall tliat the ficticious carrier concen- 
trations were described in the sene namver as the •fa:ue carrier concenti'S- 
tions. Also recall tlvat the carrier concentrations can be expressed in 
terns of an intrinsic energy level, a^n intrinsic concentration and the 
Femi level. The reference for enorgj^ has been established as the Ferci'i 
level so the usual netliod of e>:pressing variation of carrier concentra'- 
tions in terns of q'uasi Fermi levels for electrons and holes will not be 
used. Instead these variations idll bo expressed in terms of the va.riable 
Tlie Fomi level for holes in the p-t^/r*© bulk irill be established as 
the reference. The same approach may be used for n-]_ and p^. 
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These quantities substituted in (14) give an expression for recombimtion 
of the form derived by Sah and Shockley i 
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This Gjopression now gives the rate of recombination of electrons and 
holes in the channel and the junction transition region as a function of 
the intrinsic Fermi level. This en:pression may be used to detenaine the 
current in the channel and the transition region. A correlation of this 
result with the depth of the channel should reveal the connection if any 
between channel cranent and depth of channel. 
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5. Effect of Cl^nncl end Recov.ibemtion on Tr'Cinsistoi' Action 

In sections 3 and 4 the iaode3.G for cliannel and recoKibins.tion nere 
developed and tlieir dependence on the surface potential v.ns given, Eow 
it is necessary to describe vrho.t effect those t^^o phenonem have on the 
device as a transistor. 

Consider a transistor biased in the usual manner. Tlie emitter-base 
Junction is fon.urd biased and the collector -base Junction is reverse 
biased. For an n-p-n transistor, electrons are the minority carriers 
in the tose and mice up most of the cinrrent which flows. Holes from the 
base constitote a small fraction of the total hovrever. Tlie ratio of 
electron ciiri'ent to total cux’rcnt in the emitter base Junction is given 
by the emitter efficiency. For a given Jvmction vcltago, a total evu-rent 
given by the usml diode equation ’>;ill flov;. 

IIo\r apply a potential to the grid of the tetrode sTifficient to 
create a channel srich as described in section 3. Electrons i-dll flow 
from the emitter into the channel. Ilon'ever this in itself v/oidLd not ho 
any cause for concern for it docs not constitute a current in the steady 
state sense. Tlie electrons hove not crossed a Junction into the base 
because the Junction effectively lies between the cha.nnel and the base. 
But recombination of an electron and a hole vrill occur in the channel at 
a rate depending on the siu’face potential and given by cqi'ation (15) of 
section 4. This is at the heart of the tetrode’s fxmetioning. For every 
electron-hole recombiiation, an electron must flovr into the channel from 
the erdtter and a hole must enter the channel from the base to restore 
the cliannel to its former state, Thds is again determined by the surface 
potential as ms shoim in section 3 by equation (5). The electron which 
cones from the emitter does not cross a Junction and hence does not con- 
stitute current in the sense of the diode equation. However the hole 



coninf? fron the base does cross the j’.mction and hence does carry current. 
The nir.iber of recembimtions vrhich telres piece depends upon the chrrnol 
volva.'ie and the rate per unit volxuie at r.’hich these rccorhinations are 
takinp place, hs ■'.us shoini in section 3^ the size of the chsr.nncl hccomes 
ncar3.y a constant very quic’cLy so the najer effect is that of the ebanging 
reconbiration rate ;.’ith ctenging surface Tootential. 

It i?s,s nre’/iousd-y stated tlia.t the ratio of electron cxTrent to toial 
current v^xs the er.ittor efficiency. The tote.1 current is fixed by the 



junction vol'tage. Tlius for every hole x<iiich crosses the junction into 
the channel, one less electron crosses the eraitter junction into the base 
xrhere it subsequently diffuses to the collector and becomes collector 
current. It is faii'ly apparent tha;t the raore holes which flovr into t'no 
channel, the fexrer electrons x-rill flow into the base and fron there to 
the collector. Indeed it is possible for the entire current reqrdrod by 
the diode equation to be iradc up of holes flox-ring into the channel thus 
reducing electron cirrrer.t (and thereby collector emrent) to zero. This 
can also be described in te-rms of the enitter efficiency being reduced to 
zero. 



Tlac current trrr.sfer ratio, is the ratio of current crossing the 
enittor-base junction to the current crossing the collector base junction. 
It is usually considered to be r.adc up of tlxree factorsj (l) V, the 
emitter efficiencyj (2) p, the teansport fecter; and (3)y<, the collected 
Eiultipli cation factor, ^ is nonrally urdty for the us'ual' transistor bias 
conditions, p describes tl;e number of minority carriers x;hich cross the 
emdttcr-base junction and the collector-ba.se jvxnction. It is a measure 
of the minority carrier recombination in tlie tese bifllc. I'odcrn technol- 
ogy has made this factor x-.oarly unity also. This lea-ves 0^ as being for 
the most ]^>a.rt dependent on V , In modern transistors this is aUxiost 
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ui'’,ity c.lso \;hicr. c-cco'ur.ts for the ve?ey l.ifh ^irlacs of o< encountered. It 
is ti-ue thc.t: 



ft - 

r 



vrhere ^ is nov; the comr;ion enitter current trazisfer 



ratio, not the transrxjrt factor. It can be seen that as recombination In 
the channel derrades the emitter efficiency, o< is reduced and conse- 
quently ^ is reduced quite rapidly, Tliis vrill be seen to be the case 
in section 7 uliere experimer/tel curves shoi; the effect of [pr’id voltage 



on 






37 



I 

I 

i 



I 

I 

I 

I 

I 

i 



I 



there 



ticirt' c.rx Ih.rcnctorr.; 

xhe tetrode is r Tout terniml device her.ce, relative to one of 
terr.imls, it nay be described in terns of the cxirrent and volt” 



ago at ecch of the reraining tirirco temimls. A sinplc extension of 
the hybrid eqixations for a transistor adeqiately describes the tetrode. 
In terns of the notation of fignro 6 , the hybrid equations are: 

Vi = hi3_Ii + h]n\'2 hioV3 



T3 = h33_I]_ + h32V2 + I133V3 

The defining expressions for the h-parancters are the sane as for the 
conventioml transistor parameters, Fote tliat h^j- hp3_ and hyp s.r& 

virtually the sane parameters as in the transistor case, the only differ- 
ence being that it is also necessary to specify the slaort circuited con- 
dition of the grid (terminal 3). Tl^c equivalent circxxit for the tetrode 
•'.dll be developed from a ■ hysical interpretation of the parameters, Kio 
common emitter con.figurs.tion trill be used. 

Tlic vol'tage at the base terminal is made up of tlrree terms reflecting 
the conditions of the Ixise, grid and collector. 

is the familiar expression for the base inpu.t 

Vl'VjaO 

impedance and is described •i-dth the collector 




end grid short circuited. 




is a voltage feedback ratio reflecting the 



effect of collector voltage on Ijase voltage. 
The base is open and the grid short-circuited. This parameter xi mani- 
fested in the equivalent circuit by a vol'tage controlled voltage source. 

is also a voltage feedback ratio reflecting 




the effect of grid vol'tage on base drive. 
The base is open and the collector short-circudted. This parameter is 
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c 




Fig, 6 Tetrode s;;rabol and crn'ront-voltege conventions 




Fig, 7 Tetrode linear eqiiivalcnt circuit 
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clso rc'T ■ Gi. * I"': by ^ •'. ^ -. 3 control. -r>_ \^'>1‘U .ye octircc, 

'Iho t’rr-cc cor .r, cc ' :I- ■ ir sorict. to for '. brr.r.ch 1 of liyrro 7, 

The collector crrrovt ic to be node up 01 tlir-ee terms which n'ill odd in 
paral3.el 'to form branch tvro. 

is the foi’vard base -collector short circuit 
current trsnsfor ratio. It is defined with 
the ecllcctor rrcl rp’id short-circuited. In the equm^alent circuit it 
is re;3re sorted by a ciwrent ccni;rcd.lcd ci’rro?'t gencra'fcor, 

is the collector admittance since it has the 
dimensions of mhos. The base is open and the 
arid short-circuited for this measurenent. 

is perhaps the most significant parameter of 
th.e tetrode. It d.oscribes the effect upon 
collector current ca.uscd by a ixtential iripa*essed upon the high impedance 
grid. It Iu3s the dimensd.ons of a conductance and describes the grid-to- 
collector transfer effect. Hence it is the grid-collector transcondr.c- 
tance, entirely arnlogotis to a -vaevaTm tube grid-olate transconductancc. 

It is defined with the base open and the collector shoi't-circiiitcd. In 
the eca’.ivalent cii’cuit it is shen'' as a vol’ta.ye controlled crerent source. 

The third branch of the hjforid ecuivalent circtiit is also descrip- 
tive of a current and so ’will be made up of equi\’s,lcnt shunt elements. 

It describes the components cf frrid cm’rent, 

is a base-grid current transfer ratio of the 
same type as T^21‘ however, it describes a 
feedback factor rather than a fori.'ard transfer ratio. It takes the form 
of a current controlled current generator in the equivalent circi.ut, 

is ai'othcr fecdbacl'; condu.ctance giving the 
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effect of collector voltage on grid current. 
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It talxs the for ot . €:■. 

ec. uivE 1 er t c tr era . 



ccT'orollcd cvo-rcM-t ■■'ericrator in the 








is the "xiC input ad littc nee. It shou0.cl con- 
sist of a pure ca.pocity for all intents and 



pnrposevS since the condueVxnce is very nearly scro tlirongh the grid oxide 
layer , 



This then describes the tetrode 



in terns of neasiu’able paranoters 



provided the dr3uvd.ng signal is sixll. It remains to describe these Ta.ra~= 
meters and their variations T;ith bias conditions. The behavior of the 
tetrode as a transducer ’v/ill then be predictable for circuit applications. 
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:\n ? ■ •'■ -IP ter n vr r v 

fril’-':. e rr.c the diffl cr.’’ l.y 



ct' tir.e, a conplcdc sot cf 



cr r c h ! , ' ’ ' .r ^ ^ ' 

rita ’'Jan. '’trr.'r '.'ii'- i«j ' ' i ••.;• ■ or 

in o’ ' ix' 1-aa', rri^lc. ce ,ienc.c ‘'r : :’ci ' :r 

data f'^r a"'! "iac ■■.' i”: caz a ■.•■. ’; Dr !r 'rn rot o’''tainod 

to decoribc Scg '■ 

■'"lor t' in!:.lr.r abovt +’■•'. TiaiT-aeter'S r’“c thoir vrz’iations, it is ’o31 
to kca:^ ir. niiid that tho dc'^’ice ia ■'.'"Tblc of eiol. er a ci'a-rent r.ode or 
volto ^"0 node of cporc.tior as a fzmctioz; of the ^a’id bias roltarje. fci 
positive pa'id volte. "es the t<''tro'ie oporotos best in the voltapc node 
i.rith a sin:T~f o.pp.lioc. to ^ prid. prid tfas i'crp:.tivej the o’ari'enf. 

node •'dth a Giprel a’—^liod to the xse is teste Tho reason for this •'./ill 
bccci’.e obvious as the pc.raneterc ore disc'assed. . 

P..3!.’-DC:i:f: 'CP .■3hr’T-Cr'^”7T fl'^fdTT TfffSZP. ?..TIC: Lore cen- 

nonly hnozn a,s the cc.'r.cn n.'i'’:tr" -e ’".■i-:. , this 'czr. c v"-!’ is the dor_- 
naizt fo'ctor in deter lii'inp vailohlc tr?. rv.ducor carrent pain *'hcn t' c 
n^id ’)io.s is norativc^ Th.c vo-”iat.io''i of b'Cta o.s o ■tiac’ior of V'o,s ..on- 

si cis be'ca for sc^’oro 
tcIucs of colfector ■'orrei i ns a fni.ncoio'! of pi-id bir.s, fer a fr’c i^os 
norc thcT a feu volts ncgjtxi' O. I'cta '.es coi start rith respect to 

prid bias. The tetrode loses the griu as a usefidL terr.irail and takes on 
the e’rrn cteris tics of a i:or' lal transistor. The c;r '1.- ra tion is feunc in 
figure 5, 

...ssLir-ing tho.t there dna fcca o cL’O'iivoi. xorr.r.'o. as ir fipau'e ol.: 

effect of a. i.cgoit.Lve ip.'id T.slt£age is as r-. ise the onerg;, levels in the 
p-regic n r L th.e oirfac.: ti us rodneirg alic cin raxl cr ir.v . rsior; layer 



rations is s'fov.'n in fi.pnrcs ard 10. ri,;ure C 
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Fig-, r Copnor. eruttex- cfrrer.t, trar.sfor ratio as a ftmction of 
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9 C&f^HofJ £M'erri’«^ C^R^ik>r t^^K^fCS- i^MTtQ A'S A dt" CAlRtCtr&i: t'J&-CtkS^ 



clectx'on coroti. bration. Applyinjj a still :norc aegative voltage in.ll 
rostcre- the ccnuitioi s of figxire 5b ri''d cvcntaell^" bend tlie levels up- 
varo r.'itil the runction at the surface is less biased than the bailk. 

The point of narojuun reconbiration xall shif t further out of the junction 
ixntil further increases in grid voltage do not significantly cliange the 
rate of reconbirr tion in the junction. This accounts for the leveling 
off of beta, neith grid voltage ire 11 negative. 

Ifien the grid voltar-e is nade positive a channel is formed under 
the grid as s’io\rr. in figure 5d and a region of high recenbiration is 
formed. The recombination in this region reduces the number of miner ity 
carriers idiicli arrive at the collector. Since both the rate of recombi- 
nation in the clrannel and the carrier concentration in the channel are 
functions of the emittei'-base junction vel’tage, a tine varying junction 
voltage causes a tiiiie varying recombination current which sirings about 



the recombination current deterniiied by the DC grid bias. This is ec]uiv- 
alent ’to a loss of signal in the fern of sigml component of recombina- 
tion, Thus, as grid voltage is made positive, both the a-c and the d-c 
beta are reduced. The tcmiiial value of beta for large positive gi’id 
voltage is, of course, zero since it is possible to cut the collector 
off by means cf the grid voltage, 

Tlie anomalous bump in the curves of figure 8 in the vicirdty cf 
Vq£ = 0 appear to coincide vrith the onset of channel anH the almost ini- 
mediate saturation of the depth of the channel. 



Figure 9 displays the ve.riation of beta as a function of collectcr 
current. It is typical of transistors to have an increasing beta vs. 
collector current cliaracteristic, however it is a montonic function, 

Tlio curves of figure 9 have an anomalous loi^ current beliavlor, the ca.use 
of which is not cleai’. In figure 9 the collector current iss inain'baincd 
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ct c cci'sw^ o ■ -.'arvli^ "ht ’jius. Ic firiire j.O the base vc-.q 

set ct a fi;:ed v'cltc.,_,o and the c^id /oltt. '-e alone nt s varied. The col- 
lec'ix>r curror I rrx base ctirreir'i -.'ere a31o’.?od to float. In this ii-siva-rce 
beta e:dii';;.tcd not orJy the characteristics of fiyitre 9 brt also the 
periling sho;.T. in figure 10 prior to being cut off by positive grid volt- 
age. TliCoC characteristics are obviously associated with the onset of 
chxir.nel and. the clnracteristics of the ciiar.nel. But it is not explain^ 
able in terns of the sinplc model being used here. The polarity of beta 
is such as to give a IcO^ phase shift and so is positive according 
to the convention of figure 7, 

GRID-COLLiCTOR TRAhSGCl'bUCmrCE; The characteristic which sets the tet- 



rode apart from the pi’esent family of transistors is tliat, like vacuum 
tube small signal amplifiers, it (iraxrs no poircr from the signal soxurce. 
This is brought about bj' the insulation of the surface of the cnittcr— 
base diode by the silicon dioxide grid and the effect on collector cur- 
rent of an electrostatic field iraposed on. this oxide layer. In terms of 
equiva.lent circuits tMs is e voltage controlled current sotirce in the 
co3.1ector and describes a transfer characteristic or transconductance. 
Figures 11 and 12 show the xuriation of the grid transconductance. 

Figiu'e 12 p3-ots transcondxictance as a function of collector current. 
From zero at collector cutoff, the transconductance increases mono'ton- 
ically vdth increasing collector current, 1-rnon collector current in- 
creases, it is the resuJlt of an increased bias on the emitter-base 
junction. An increased bias as we liave seen clianges the character of 
the channel and the rate of reconbins.tion in the channel. Specifically, 
the position of the point of maxinuia recombination shifts vri thin the 
channel. Since carrier concentration, conductivity and recombine. tion 
rate are all functions the svxface potential (and hence base bias) the 
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as 2 . function of grid voltage 
/;.0 



Fig. 11 Crid transconductance 
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total rccoribiration current changes, as \;cll as the slope of the recora- 
Mnation cuTroi't vs. "otential c! aractcristic. Since the slope of this 
characteristic cleternincs the change in collector cvxrcnt for a change 
in grid voltage, in effect it deternines the transconductence of the 
grid. 

Tlie change in tra ns conductance v;ith grid voltage is given in figure 
12, Here it is noticed that the antithesis of the beta claracteristic 
takes place. For a negative grid voltage the cliannel is elinirated en- 
tirely and a tine varying small signal on the grid v;ill produce no change 
in collector current. Tlae tra ns conductance is zero. As grid bias is in- 
creased from, a large negative va.lvie tovard positive values, a channel 
forms and the cliara.ctcristic recombination current begins to floxi. If 
a tirae varying signal is superimposed upon the grid bias, the recombina- 
tion cuiTcnt vd.ll be modulated vrith this same tine variation. If the 
base is biased fron a d-c source, the modulation of the reconbinaticn 
current vdll appear as a signal in the collector circuit. Tlve transcon- 
duc'tance incre: ses rapidly and then levels off, indicating tlvat the 
operating ix>int is cn the broad, fairly straight side of the reconbina.- 
tion rate cm-ve. (it is the slope of the reconbinaticn rate curve v;hich 
predominantly deternines the ti’ansconducte.ncc. ) In tcims of figure 7, 
gQQ is negative since there is no signal plvase shift fron grid to collec- 
tor. 

As in IhD case of beta, an anomalous beliavior around aero volts is 
observed. IIov/cvci’ there are tv:o anomalies instead of the one previously 
encountered. There are several plausible explanations v/hich involve the 
levels of recombination centers (traps), recombination rate vs. surface 
potential and the onset of channel and its saturation in depth. The 
real c:cplanation is probably some admixture of all of these but in cry 
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eventj any si:ch concltision ■'/culd not be svipported by experimental evi~ 
dence in this paper. 

The transconductance appears to reach a maximum at approximately 
five volts and then starts a slow decline. An inflection point in the 
recombination current ch.aracteristic has been reached and the slope de- 
creases as the recombination current tends to\®rd a maximum. 

It is interesting to compere the magnitude of tra ns conductance of 
the tetrode with some typical vacuum tubes: 

12DS7 .... 15,000 y^mhos 
12Dft.8 .... 15,000 umhos 
12DL8 .... 15,000 ^mhos 
TETRODE . . . 20,000 ^mhos 

The semiconductor tetrode compares favorably as can be seen. Its obvious 
limitation is its power handling capabilities although the free air dissi- 
pation of 0.8 vjatts and a collector breakdovm voltage of the order of 100 
volts speaks well for the tetrode. 

GRID ADfOTIAKCE, yc: Coupled vriLth the ability to control collector cur- 
rent by means of grid voltage, the Impedance level of the grid is a not- 
able characteristic putting the tetrode in a category of electron devices 
vrhich includes vacuum tubes. As announced by Dr, Sah, the input admit- 
tance vsis that of a very low loss capacitor of the order of 80 pf . There 
^■ss no change in admittance levels noticeable idth the change of any d-c 
bias condition. No change in the loss coefficient v/as noticeable from 
d-c to 10 megacycles. This property is, of course, duie to tlie very good 
insulating properties of the silicon dioxide layer which grows during 
the mrnufacturing process. Such a high input impedance opens areas of 
circuit applications here-to-fore held to be the sacred domain of vactvun 
tubes. Included are such applications as operational amplifiers, PAM 
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ti.3r; r CCj H e ; Ir... t’-O co'.'i:on-oi;ittor confij^iro.tior, the ha so inTiat 

ini^cdarce io ravally tho’acht of as being made up of tvo resistors in 
series. The first is Tt/ , the ohmic resistance of the base br2k mate- 
rial and the second is the resisfence associated I'ith the active jvnctlon 



In the Toe equivalent of the coramon emitter configuration the resis'lrnce 
of idle active junction is conrosed of tliat portion through irhich only the 
base c’urrent flo*:s and that tirough "hich the erdtter current flov'-s, tint 
is, TTi and respectively. Since it is aluays true that r£ = fp + l'ie , 
the voltage drop If vhich is common to both the tese and the emitter 
circuits nay be represented in the base circuit as fptl)I,r, j an 0 cviV“ 
alent resista.nce tiriies as large. I’ow is the resistance of the 

forvKird biased cmitter-b3.se diode and nay be eiqressod as: 

tl - ~r~7 T ohvrts 



neglecting the reactive component of the base input impedance caused by 
diffusion caipacitance, the expression for the resistance can be ■'.ritten 



as: 



- r ' x_2_£_ + 



(pti)rE 



I ‘ 



This expression contains ■'.dthin itself the explanation for the observed 
variation of 2g idth bias conditions sho'.rn in fi,guros 13 and 14. In 
figure 13 it is observed that for lo;.' crirrert the hose impedance is sev- 
eral thousa.nd ohms but drops very rap5.dly to a sa.turation level for cur-~ 
rents abo ’'0 a rdlllamp. Using collector ctrrent as an ap'roximation to 

emitter cirrcrt, it is seer. tlis.t the second term of (l) is very large 

<« 

for very lovr current but drops to P6 ohms at one milliamp. Tliis is the 
factor which catxsos rapid cliarges in resistance idth collec'cor current. 
Uotice that the curves for negative ,mrid vol'tage do not drop as rapidly 
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COLLScroB copee/OT timci) 

Fig, 1: ~^ace rosistence ar> a fx-'actior. of co3.1cctor cxn-rent 
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<3^10 YocTASS choirs) 

Ft4c /4 BAS^ WPirr ^^SfSX<o*i<t.g as a Of. <,'«/£> ¥GITA:^£ 



ror c.o - r "'o”. ■’’■nr; th (Effect cf the third tern of (l) « 

It rey )c recollcc thrt j9 :.c voi-’’ hi~h for r.o^J^.tive ct'id volte. ;feo bxit 
is virto/.?.iy eoro for ’^ooiti''’'e 'yid volte -;er. H-.c t;:ird teive is ci^:- 
rifio'^nt for royc tivc "riv’ voltr-.ycs red for tids cfso it is dcnirrrt 
vhon collector errrert is r.hcve or.o nill5.an;o. As the fTio voltr.ye 
si.dr.vs ocsit.lvc, r, chr rre], is forrice rrd ^ cocreoses drasticc.llj'’, ap- 
proaching sero as prlc' bias is Incresscc. irn.cn this licppenc, beth the 
, second and third, toms are negligible and only rona.ins, TTiat this 

actr.ol?_y occr.rs is sur^estoc b^; the nerging of the cijrvcs ”11011 ^Tid volt- 
age is ’'osit.ivo i’"> fignre I 4 . 

CCLLHGTCR-Affi: flXlAtCi: PATIC: The collector-tese feedteck ratio ir the 

tetrode is aralogors to the sar.e pcranctcr in ordinary transistors. In 
the co'T’on enittcr corfifrratlon this internal feedback is positive. 

The ca.ncc of the .fccdlx’ch is tlio odiilrtion of the base iddth bi* collec- 
tor sifTal vol.t^'ye, A ’xisitivo change in collector voltage due to a sig- 
nal causes the collcctoz’ junction tc spread into tho base. Tliis causes 
an incrccise in co neon tra tie n gradient aiA. hence an increase in enittcr 
current. Since the cr.itter current is directly relafocd to the liase 
vcl'cage ‘-'y the diode eruation, this cliange causes an increase ir. for''.n.rd 
bias of the en.itbcr-lx.se junction. Tims it can be seen 'to bo a positive 
voltage feedback in the corrmon enittcr configuration. Tliis is also true 
of the tetrode. 7i£(ires 15 and 16 show the variation of collector-~base 
feedback ratio as functions of colic c'tor current and grid current rcsycc- 
tiv^ely. 

for low collector currents a:x. negative grid voltages, the feedback 
is relatively large, dccrea sing rapidly to a stable value at nediuin and 
high. C''.rrer;ts. Tb.io is c;.a.ractcristic behavior for this paranetor in 
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ordirar;' ■’Grrr.siGtorc'' ’.'’'icl' rciraorccD tLs notion that tlic totrocc be- 
hoves in the u.snal trrr.slstcr iiienrer i.rhcn cj^id voltcr^c is negative. 
Cnee collector current "<^ts above abotit 10 roe., the fecd'xick ratio is 
insensitive to either grid volta^.o or further increases in collector 



current. 

1/iion the grid voltage becones positive and the si’rface channel is 
forried, the feedback ratio drops regardless of collector current. It 
can be seen fron figure 16 ttat for grid voltage ^greater tlaan t\ro volts, 
the feedback paranc-ter is essentially constant. In this respect, the 
surface channel acts in a nanner analogous to a surge tank in a fluid 
systeiTi, As the change of coUeefcor voltage clxmgcs the concentration 
gradient in the base, this change is reflected in a change in the rccon- 
bination rate in the channel preferentially to a cliange in bias across 
the enitter-base diode in the bulk. In essence then, the change in col- 
lector voltage may be thought of as causing tuo opposing feedback effects 
(l) the usual internal feedbacl: (positive) andj (?) a negative feedback 
which is a function of grid voltage (negative) , 

GRID-3i\SS FSEDFACK R/iTIO: Tliis ratio measures the effect of a signal on 

the grid in the base circuit. With grid voltage negative and no channel 
formed, the feedback is tiiat which is associated xjith the capacity of the 
motal-ozidc-semlconductor sandwich. Uith increasing grid voltage the 
surface channel forms, A signal applied to the grid modulates the re- 
combination current in the channel. Since this current reduces the cur- 
rent crossing the emitter-base junction, it is reflected as a reduced 
junction voltage. Since a positive change in grid voltege decreases 
junction voltage, the feedback is negative. In part, this feedback nay 



*See, for instance, GE Transistor lianual. Fourth Ed.ition 
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3 GOC 1 C jc,^, a cxm-cuu '.a; ?..v:a- 



ol' c:.c x-ax.I.on. 7 ae -Tid idtl. ix, 



vci '3 hie/i in'. UL inpcaar.es and ids c'lrlo-y U' \’acrari tubes is a- propric tip 
the input teit.’.iir.l tc be •O'?oc ivee dx'ieii.p ii nv; a loxr 'ircpedancs soui'C', 

Cf iinTm-^rnce ther; is tbo xi-pedcicc cf the ’cse, px’icl and coiloctox 
tcrrelnals and th.e IxxS'- tc collector uuc grid to collector rain ocpia Lions. 
In the former vio.se \re are interested in a carrex.t gain i.iiile ii fax Iftte 
a voltuge pain, 

KcfeiTiiir to fi-gxirc iC the cxuTcr.t-voltr.gc xelationship of the lx sc 
rta:’’ he xTitter. as: 



Since tlxc base input i'a'..-.dx.' nee is the aUtio o£ V-j^ tc) I j , 

= f SI + /*e» ^ 

It is ep.dto apixorent thxxt tlie inpodanco of the hose terr.inal is rot inoe- 
ixirident of the conditions •'.rhich exist at tlje gidd and collector, Assuie 
tliat there is a scurcc of bias ard a signal po\rcx' in the base ard grid, 
each in.th an associated inpedance, and a .load inpedance in the collectox- 
current as sho’.n in ficn.iro IG. Ib’on this e’caivaleixt circuit it is pa-s* 
siblc to derive ai: o:s ot expression for the input irgocdance to the base 
temirals ix: the cor.o’ion onitter eoiifigui’atlon, lie dcx'ivation of th.is 
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the nvi’ieret>or of the last part of thci^^ in expression ’jo\xld bo very s.x.ll 



gQ ,3 is approximately seto for negative grid voltage so the donomimtor of 
the last bracketed expression is unity. Tiio product ygHg is nearly aero 
since Jq is essentially sero and Rq is the Iripedanco of a d-c bias source 
is essentially zero for this co.so as is showi by figi,u’o 17. Iferce 
for the cs.Be of large negative grid voltage, / reduces to approxa- 
inatcly : 



In the vcl'Lagc mode v.dth large positive grid voltage, the bast- 
woidd be operated at a-c ground and thti base input impodance is of no 
ir.iportance . 

The grid ii’put admi^tanc^ is dcr.ived in. Appendix 2 and is given by : 




This c:crression is useful ’./hen the tetrode is being used iii the voltage, 
or grid input, node. For this condition the- gi’id bias is large and 
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Although tliic crr'U’O salon r-ic-y be sAipilCicd for xhe tn'o nodes of o^cr^ • 
tion. the ccsenticl features are tlr.t the output adnittc^nce is esce;uial- 
ly controlled by y^. There is a tonn ^/hich is cloper.dcrt ’''oth on f- ju. 
nitudo of .arln and sifixil size in both raodes of operation. In oue 



node Vq and are esscrtiainy aero j,r. the third terra, «g^ 



Va 



ossertiaily unity j is arrrorri.nat$ly 0.2 foi* - lOna ana 

Ro + 2g is of the order of 10^*'. With these approranations, Y out becor.es 

P>WT ” J*> 

In the voltage node and V 3 ere appro;-:inatcly zero. Since nc junior; ;. ■ 
tion is Irro'a'i aVut A.-.^ no fvrthor sir. ‘'lification can bo trade beyona^ 
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f s f 6 ^8 1 Ybe R'ii p 8 1 

As before, jq is seen bo act the ^ross va.l'uo of the outpiit adnittat' 

v/ith a gain derjorKlot.t tci^r incdnlying this value. 
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The voltage mode gain expression Is given by: 

. 56 fi-l - f ) pj- r ho K\ 






i U 






and is derived in Appendix 4. Large positive grid voltages drive 
to almost zero which immediately simplifies this expression to: 






2 



<>c 



Ro 



Ri. ^ 



This is identical to the vacuum tube expression for gain. It must 

remembered that there is no phase shift through the tetrode so g is 

Gu 

a negative number according to the completely arbitrary polarities as< 
signed in figure (18). 

Current gain in the current operated mode is given by: 



A; - 



{f ec fe Rg 



jv 



Figure 11 shows that g goes to zero for large negative grid voltages. 

GC 

This defines the current mode and current gain simplifies to: 



4; = (’V. 

The expressions given above describe the tetrode in its two usual 
modes of operation for low frequency^ small signal operating conditions. 
They should provide the circuit designer with an insight into how the 
tetrode will respond for a given circuit application. 
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9. Illcccllc'.ncoun Kotca --.rd Cbscrvctions 

The tetrode c::hibitec. t-'o clir-rc.cteristics which, if r.ot kept i- 
nir.d, might clcotroy the device or crevent a circuit fron operating 
properly. The first of 'these is tlie effect of base current on total 
power dissipation and the second is an observed bias ixjint instability. 

The tetrode collector curreiit may be cut off by the application of 
a sufficiently high positive grid vol’ta.go. This does rot mean, however, 
that base and emitter current is not f?.ovdng. Indeed, quite a large 
recombiriation current nay be floiring in the channel. This ca.n be sev- 
eral hundred nilliarapcres under sene conditions. The potential differ* 
ence through x;hlch this current f3.oi;s is the emitter base voltage, Tlie 
produ.ct of the tw'o is the power being dissipated as a result of reccn- 
birrtion and this appeal’s as lattice vibration or kinetic energy of the 
crysta.l atoms. If this power exceeds the dissipe.tion capability of the 
device, destruction v.dll resultj and without ever having dravm any powei 
at all from the collector source. Thus it becomes apparent tliat cb.vb 
must be taken to monitor collector current, base current, omittcr-be so 
voltage and collector-base voltage. The total pov/er being dissipated 
is then: 



r = V3 e(Ib*Ic) * 

iriLth I3 no longer ncgDigible. Contrast this irith the old rule of thiinb; 

P = obvious thnt the circuit designer vdll liave to be aware 

of this pitfall and mindful of the actual physics of this device rather 
tlian relying upon the "rule of thumb" methods of design which seem to 



have .grown up with the transistor. 

Bias point irstab5.1ity was first observed irhcn the 
current a-c bc'ha. ;ra.s being irucstlgatcd. It was noticed 



low' collector 
that for a g 



Ivon 
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cclirctcr nu’-i Ty volt 



collector currcit rnci collector 1... xtrr.ee. 



cl.r n^c-.c ii "lac yric vclt ;c vcnl.c c’.x n. o tt' collector cerrort, The 
initial conc’itioirc corlo. no rcstorcc hy oharying the be oc cri’rent. 

’.Trilc rot rn ur.crvc ctec recalt on the OTxfr-cc, it yi-cccnted on unclcG.ir- 
able fcGc'brch factor unless it could be eliinireted, Frorr an e-c stand- 



point it \.’Bs found that the feedback could be elininated by the addition 
of a by’’-pacscd resistor in the emitter lead. This is the sane arproach 
as is used in self bias rotnxrks in both tubes and transistors. Ilorrevcr , 
the philosophy of vhy it r.’orks is not the saiae. 

Essentially, changing the grid voltage clranges the d-c beta ai:d. 
hence Iq. But changing Iq rcsriLts in a change in the conron eniti.or 
in'^ut resistance as \ns cnj^lained in section 7 

?8= =i^0+rp-“)OE 



If a resistance, Rg, is placed in Ecries uith the enittcr, this expres- 
sion be cones; 



£ 3 = re + (p*i)(rrK?£) 

Since ^Ig=Ic > it follovs that for initial conditions sr.d 

for final conditions (after grid voltage changes), ^ 

grid vol'tage change increases and Ig is from a high inpodance soarce . 
I3 r.dll rot clx nge significantly because is a sraall fraction of the 
■total inpedance in the base loop. Eov.'cver, if Ib is derived from a lev 
inpedtnee soiu’ce, I3 can bo nadc to "track” ^ . This is shovm to be the 
case in the folloving analysis. The desired result is ~ ^C 2 ‘ 



to figure 19. 

+ 01 '*'^) (li +f^e) 
I?e2= Rs + Tg i-(pz+f) 




R.t + r^-»*rE + R£ 4- ) 

Rs+I% +Rg 4 - ^zC^g4Rf:} 
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Fig. 19 lo.:'"on f '.ittci’ Tcc ccaiTOlont base cii-cuit rcr*roc 
fccc’bc'.dc ter s 



cr 



I’ov; let = ’.'hero is the clumrje caiised by a cliangc in grid 

voltage. ITien: 

lea = 

Rb2 f?s + Tg 4 Tg + Re 4 (p,4Ap)('ri+Pe) 
and^ilgj -^iI^4A^rg2 if "the desired Ifi=Ic 2 . is to be achieved. In 
order to do this, it is necessary to make the ratio Ibi/Ib 2 nearly 
equal to f*/^i ss possible. Therefore it is necessary that: 

Tot _ ^iB 4 fl 4 R e 4/? c ) 

Xga Rs + 4 4 Re 4- ^ifr£4Re) 

be as nearly equal to as po-ssible. If the d-c beta is reason-- 

ably large (^10) and R is very small, it can be seen that making 

s 

large v'ill reduce the above expression to: 

ia. i 

r« f< 

as desired. When tested, this technique vjas observed to almost eliminate 
the bias instability previously noted. By-passing Rg vrith a ca.pacitor 
allowed an a-c signal on the grid to have the desired affect on beta 
1 -rf.thout changing the d-c bias conditions. 
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10 . 5ura:iury 

A new scniconurctor device krm;n cs the sueface-eotcnticl controlled 
trancietor or seniconcnctor tetrode hns been described. The underlying 
physics have been laid out to aid in the understanding of hou it obtains 
transistor action. Tho device is characterized by a high iiapedancc ter~ 
ninal to which a potential may be applied to effect control of collector 
current, 

J 

The description of the device in terms of a hybrid set of parameters 
v;as given and the behavior of these parameters under varying bias con- 
ditions vjas investigated. Based upon these investigations, tho descrip“ 
tion of the tetrode as a transducer was derived and discussed. 

The tetrode is not a coiamercially available device however, v;hen it 
is marketed it offers great promise of applications previously barred to 
semiconductor devices. 
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APriv,'DIX I 



DPRIVATICI. C? Tins ’'A'ill IITl-T E.imrCE III THE 
Goi::cH n:iT’iER ccin-iormTioii 
Vt ^ I ■^/^B ^ +y«6sl4 Refer to fievre 18 



^ec- 1( + ^ 






Vy~ ffscli * Rl VgSf ^6 f «* 14 Psa 

Rl ^C + l J?6 ^<S -t ^ 

3ribst5. tilting tlie c::pression for V 2 into that for V^: 

= ffgJ.>g-6cV4) 

Rq ^ I 



1 _ 


Va= . 


Ra <|c + 8 





= gscPsI. I 

9.S J 



V, * 





• *1 

Rkfe^S 


1 + Pl * 9^Rl^cQ^Sc 


Rs 1 



Using this resiolt to solve for ¥£3 



^ - Rl Pfic I) ^ 


nr « 


r Vs ) I, + ?8, R, r.’ 


R*. ^c+ 1 




f Rt^ " Rfi Rt j6c 



Substituting these expressions for V 2 and into the original expres- 
• sion for V^, it is founid to be a function of Ip alone. Since the r-atio 
of Vp to Ip is the input inpodance of the base, the solution way be 
found : 



?2 









y<sa ^'6« 

■»■ H 



r /%^_2£60 £c\ 

| ^-» ( Rk ifc.*! I ^Bcf^6 

« ■^■^?t'J<■~!?$^?^•^c6 |#C j 



/■ 
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llr + p.»R<ir,l 


p« 1$+/ 


[ J6< J 






^ ^6c^<- 



V, fMiiflk].. p' 

x; •^1 pi-^c-M /+ps^ 



1+ f?t Jc - /?4 <?fc 
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APrj'uix II 

vHR.i,'..iiG. lp . s G?jj i;:n:T i.nTTX.;- ex i: ti!E 
COl-I'Or Ei;iT?KI CO' 7 IGITATICi^ 
l4 Refer to fif:v'ro IS 



Vi ® ^f./ I 



Til = _Vg-^A8 ^ ~/^ge Va 
^?& + 2 b 



» |?8c I, + <^3 

V'i- t 

l?i ^c**" ^ 

Substituting the erqpression for V2 into the expression for Iji 

Vb fi f gfc Tt ^ ^><6gV3 _ /^ce ^{, ^3 



(^i^+*)(Ps*f©) 5?s+fs (^•■>^&‘^1 )(Rb+?b} 

i/b-Asi^s - 



I,= ff?t ^c + l) 

(/?«.^c+l}|fe^B+£e) -hy<«6 f?i |3e€ 

And using this result to solve for V2 



Vi = 



/*<g 



Vg ~/^gg ~ Rl ffc-i-i 



(^L f^fsc 



<^6+ * 



Substituting these expressions for V2 and into the original expres- 
sion for I3, it is found to be a function of V3 alone. Since the ratio 
of I3 to is the grid input adraittance; 

fift ) f f?e-^ 



pec. 



pec a 

® [f P4 ^e+j )/}?g f?e) + e f?t p ec 
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X:.;a ..TIC C 



..ITCCjIX hi 

■:.rn..x'TC,R ci T/L-T ad: itt/A'CE iit 



TH.: GC'.ccr :: iinci cci'iiGirATicai 



,r ^ 



V3- ^ $ ^3 = <?(S / "f s 

Is=- ^ f~ 



r.orcr to fiixuj’e 1 £ 



^ ■» 14 - 4 - pEfC 



I 




SubstitTiting the exprossion for Ip irato the expression for 



Vfe + S?g^.tsV 2 . 


V)g-/<<sg*i 4 ■“ 


P«i 




I 

J am 



(i/^m 






Vb- 






^0 






* f Yi 

+ Rq V I f/?B 4.ge) 



( Pfe + 0 •*“ p<f ^ P't j 



And n.sing this ros\ilt to solve for I-: : 



Ir 



Vb ** 




r 

1 V(35 


/ ’4 r 

l Pb 4> i? 1 


Pb •> 


/ 


f P 5 II® [pS +■ 


|9 ©a 

^ s 



Substituting theso corpi osslons for and Ip into the original expres- 
sion for I2, it is found to be a f-unction of V2 alone. Since the ratio 
of I2 to V2 is the collector output admittance; 

r 

14 + pay<^f 





pes; 


jfVg-./-«s 

1 




' ip 4 1 y 






y^3 R« p£ 
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xiriTi'DIX 



DEiav*iiC* OF ■^of ’ass ;o 
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